
T

D
a

b

c

d

h

•
•
•
•
•

a

A
R
R
A

1

f
f
c
g

c
b
w
r
w
n
c
C
B
t

m

0
h

Nuclear Engineering and Design 265 (2013) 294– 309

Contents lists available at ScienceDirect

Nuclear  Engineering  and  Design

j ourna l h om epa ge: www.elsev ier .com/ locate /nucengdes

hermal  treatment  of  neutron-irradiated  nuclear  graphite

irk  Vulpiusa,b,∗, Kathrin  Baginskia, Benjamin  Krausa,c,  Bruno  Thomauskea,d

Forschungszentrum Jülich GmbH, Institute of Energy and Climate Research, Nuclear Waste Management and Reactor Safety, 52425 Jülich, Germany
Nuclear Engineering Seibersdorf GmbH, Department of Radioactive Waste Management, 2444 Seibersdorf, Austria
Fachhochschule Aachen, Campus Jülich, Faculty of Chemistry and Biotechnology, 52428 Jülich, Germany
Rheinisch-Westfälische Technische Hochschule Aachen, Institute of Nuclear Fuel Cycle, 52062 Aachen, Germany

 i g  h  l  i  g  h  t  s

The  thermal  release  of tritium  and  radiocarbon  from  graphite  was  investigated.
The  release  behaviour  depends  on the  irradiation  history.
Radiocarbon  was  identified  as matrix  contamination  or  surface  contamination.
Only  a part  of  radiocarbon  can  be removed.
The  other  part  of radiocarbon  is immobilised  in the graphite  lattice.

 r  t  i  c  l e  i  n  f  o
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The  properties  of  graphite  samples  from  the thermal  column  of a material  testing  reactor  and  from  the
internals  of two  different  nuclear  power  reactors  were  investigated  regarding  the  thermal  release  of
tritium  and  radiocarbon.  These  reactor  types  have  been  selected  due  to  the  different  conditions  under
which  graphite  has  been  irradiated  with  neutrons  during  the  operating  time  of  these  reactors.  Based  on
the findings,  options  for thermal  treatment  of irradiated  graphite  are  discussed  in order  to facilitate  its
final  disposal.
. Introduction

Worldwide over 250,000 tons of neutron-irradiated graphite
rom nuclear reactors are temporarily retained in interim storage
acilities and reactor stores. There is a lack of comprehensive con-
epts for the management or final disposal of contaminated nuclear
raphite.

In a previous contribution (Vulpius et al., 2013) we  reported on
oncepts where radionuclides in irradiated nuclear graphite may
e located and how they can be chemically bonded. In this study
e investigated the thermal release behaviour of tritium (3H) and

adiocarbon (14C) from three different types of irradiated graphite,
hich are distinguished mainly by their irradiation history in the
uclear reactor. This is, on the one hand, graphite from the thermal
olumn of the material testing reactor FRJ-1 (Merlin) at Research

entre Jülich and, on the other hand, graphite samples from the
ritish Magnox reactor Oldbury 2 and the French UNGG reac-
or Saint-Laurent A2. These graphite types differ considerably by
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their irradiation temperature and irradiation atmosphere. Merlin
graphite was  irradiated at room temperature in air, whereas Mag-
nox and UNGG graphite was irradiated at temperatures between
250 and 400 ◦C in carbon dioxide as coolant gas. Due to the higher
neutron flux in power reactors, radiolysis of the coolant gas played
an important role. Therefore, radiolytic corrosion occurred in the
graphite materials. This process has altered the graphite struc-
ture. For this reason, the release behaviour of Magnox and UNGG
graphite is different from Merlin graphite, although there are also
significant differences between Magnox and UNGG graphite.

These differences were mainly determined by comparing the
released amounts of tritium and radiocarbon, and by investigation
of the release mechanisms. Based on these findings, options for
treatment of irradiated graphite are discussed.

2. Experimental

2.1. Graphite samples
Different graphite samples were used for this study. These are:

• Irradiated graphite from the thermal column of the Jülich MTR
FRJ-1 (Merlin).

dx.doi.org/10.1016/j.nucengdes.2013.09.007
http://www.sciencedirect.com/science/journal/00295493
http://www.elsevier.com/locate/nucengdes
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Fig. 1. Experimental set-up for therm

Irradiated graphite from the British Magnox reactor Oldbury 2.
Irradiated graphite from the French UNGG reactor Saint-Laurent
A2.
he used graphite samples are fragments (trepanned plugs or sawn
ieces) from the internals of the named reactors. They are rep-
esentative for these reactors regarding graphite manufacturing

Fig. 2. Experimental set-up for the
atment with inert gases and oxygen.

processes, irradiation time, neutron flux, irradiation temperature,
and irradiation atmosphere.

2.2. Digital autoradiography
Digital autoradiography was made using an Instant Imager
A20240 (Canberra Packard Corp.). In principle, this system is a
proportional counter tube equipped with a Microchannel Array

rmal treatment with steam.
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Fig. 3. Release of tritium from Merlin graphite

etector (MICAD) and a Multi-Wire Proportional Counter (MWPC).
n this way, ˇ− particles, Auger electrons and Compton electrons are
etectable with spatial resolution. The energy resolution was  made
y measuring the samples with different absorbers and subtracting
he resulting autoradiograms.

.3. Thermal treatment
The experimental set-up for thermal treatment of neutron-
rradiated nuclear graphite has been previously described by
achinger et al. (2008). In this study, the system was  modified. The
umber of gas washing bottles was increased from five to eight:
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Merlin:  Release  of 14 C in  

Fig. 4. Release of 14C from Merlin graphite in nitro
rogen at 1100 ◦C (mass loss after 20 h: 0.20%).

two gas washing bottles were installed between the gas analyser
and CuO oxidiser in order to capture primarily released 14CO2, and
an additional gas washing bottle was installed after the first gas
washing bottle in order to fully capture primarily released HTO (see
Fig. 1). This installation was used for thermal treatment with inert
gases and oxygen.

The experimental installation for thermal treatment with steam
consists of a Carbolite STF 15/180 tube furnace equipped with a

gas tight alumina tube (see Fig. 2). For steam generation a humid-
ity generator SETARAM WetSys was  used. Various double bubblers
filled with 0.1 M HNO3 and 4 M NaOH were connected to the out-
let of the alumina tube. HNO3 was  used to trap HTO, and NaOH

10 12 14 16 18 20

e [h]

ni trogen at 1100 °C

14CO2

14CO

Total

gen at 1100 ◦C (mass loss after 20 h: 0.20%).
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as used to trap 14CO2. After the first two double bubblers a
maller tube furnace (Carbolite MTF  10/15/130) filled with CuO was
nserted into the off-gas line in order to oxidise HT to HTO and 14CO
o 14CO2.

The release of a radionuclide is defined by the ratio of released
o total amount of this radionuclide. Due to the inhomogeneous
istribution of radionuclides in the graphite samples it is not
ufficient to determine the total amount of a radionuclide only

n a subsample. This concerns mainly tritium and radiocarbon,

hich can only be determined by complete incineration of the
raphite sample. In order to obtain precise results it is necessary
o determine the total amount of each radionuclide in the same
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Fig. 6. Release of 14C from Magnox Oldbury 2 graphite in
 in nitrogen at 1100 ◦C (mass loss after 11 h: 0.14%).

sample which was  thermally treated. This is done by summation
of the released fraction during thermal treatment and the residual
fraction after thermal treatment. The latter fraction is obtained by
incineration of the thermally treated sample.

3. Results and discussion
3.1. Release isotherms

The release isotherms for tritium and 14C from Merlin graphite
(material testing reactor) and Magnox Oldbury 2 graphite (nuclear
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 nitrogen at 1100 ◦C (mass loss after 11 h: 0.14%).
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ig. 7. Schematic illustration of the proposed model on hydrogen trapping and
ransport in a graphite material (Atsumi, 2003).

ower reactor) in nitrogen at 1100 ◦C are shown in Figs. 3–6. Two
bservations can be made:

. The release of 14C from both graphite types is relatively low.

. The release of tritium from Merlin graphite is significantly higher
than from Magnox Oldbury 2 graphite.

n explanation for the different release behaviour of tritium could
e the irradiation temperature of the nuclear reactor. The thermal
olumn of the Merlin reactor was irradiated at room temperature
20–25 ◦C), whereas the graphite sample from the Magnox Oldbury

 reactor was irradiated at 270 ◦C. These different irradiation tem-
eratures can cause different binding sites of tritium in graphite.

An idea of it provides the model of Atsumi (2003). Fig. 7 shows
he possible binding sites of hydrogen in graphite with their cor-
espondent adsorption energies. Based on this model, it can be

ssumed that at lower irradiation temperatures tritium is prefer-
ntially trapped at the edge surfaces of the graphite crystallites and
t higher irradiation temperatures at activated edges of interstitial
luster loops. It is evident that tritium atoms which are enclosed
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between the graphite lattice planes are more difficult to remove
than tritium atoms which are located at the edges of the graphite
crystallites.

A very unusual tritium release showed a graphite sample from
the French UNGG reactor Saint-Laurent A2. This sample was  taken
from the top of the reactor at 9260 mm.  The irradiation temper-
ature was  about 250 ◦C. The tritium release was low in the first
seven hours. Only after this time a strong increase of the release
was observed (see Fig. 8). This release was tied to the species HTO.
The low tritium release via HT did not show this behaviour (see
Fig. 9). Also the release of 14C via 14CO and 14CO2 did not show
such an abrupt rise (see Fig. 10). Therefore, it can be stated that
the release behaviour of HTO is not an artefact of the system,
for example a fault in the off-gas line. It is also not possible that
this HTO is only oxidised HT caused by the slight oxygen ingress,
which cannot be prevented if using a ceramic furnace tube at
1300 ◦C. If it were so, the non-oxidised HT would show the same
release characteristics as HTO. For these reasons, it can be con-
cluded that the measured HTO must come from the graphite sample
itself.

What could be an explanation for this behaviour? It seems that it
is a delayed release. The sample was  a segment of a trepanned plug
specimen with a diameter of 19 mm and a mass of 3.53 g. HTO seems
to be adsorbed inside the sample in a significant amount. Accord-
ing to Fig. 7, possible adsorbing sites can be the edge surfaces of
the crystallites. Initiated by heating, a molecular diffusion process
transports the molecules from the inside to the outer boundary sur-
face from which they are then removed with the inert gas stream.

To fully understand this process, further investigations are nec-
essary. This includes answering the question of how the released
HTO was formed in the graphite bulk during neutron irradiation in
the nuclear reactor and the subsequent storage period after shut-
down of the nuclear reactor. This also implies a deeper explanation
of which kind of bonds and which binding sites are responsible for
the observed release behaviour in contrast to Merlin and Magnox

graphite.

Another Saint-Laurent A2 graphite sample from the same
reactor position showed slightly different release characteristics.
Even in that case, the normal operation of the off-gas line could
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e verified by the gas analyser. In this sample, there was a small
ise of the release of all 3H and 14C species at approximately 9.5 h
see Figs. 11 and 12). It seems that this is associated with the
otspots that have been detected in the energy range from 0 to
50 keV by autoradiography (see Fig. 13). This energy range is

n the emission range of the beta particles of 3H and 14C with

max equal to 18.6 and 156 keV, respectively. It is possible that
H and 14C are located together in hotspots which are opened
y the thermal treatment process. These hotspots may  already
e in graphite in form of inactive impurities resulting from the
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Fig. 10. Release of 14C from Saint-Laurent A2 graphite in
itrogen at 1300 ◦C (mass loss after 10.5 h: 0.91%).

manufacturing process or may  be formed in graphite at locations
with suitable binding sites during neutron irradiation. Such bind-
ing sites may  be disordered graphite structures with free pore
volumes.

3.2. Kinetic studies
3.2.1. Merlin graphite
The release of tritiated water (HTO) from Merlin graphite in

nitrogen at 1100 ◦C plotted as diffusion process is shown in Fig. 14.
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 nitrogen at 1300 ◦C (mass loss after 10.5 h: 0.91%).
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he fit of the data points is a straight line with a correlation
actor of 0.9933. This is an indication for a predominant diffusion
rocess. The diffusion process can be explained by simple thermal
esorption of weakly adsorbed (physisorbed) tritiated water. The
iffusing species is already present in graphite. No formation
nergy is required.

The release of tritiated hydrogen (HT) from Merlin graphite
n nitrogen at 1100 ◦C seems to be also a diffusion process, but

ot only. This can be seen in Fig. 15. The fit of the data points is
nly scarcely a straight line with a correlation factor of 0.9646.
here are other processes behind the diffusion process. Such a
rocess could be the formation of HT from pyrolysis reactions. But
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in nitrogen at 1100 ◦C (mass loss after 20.5 h: 0.45%).

the predominant process is diffusion because the test for first or
second order reactions provided worse results, as can be seen in
Figs. 16 and 17.

Another significant species in the off-gas of thermal treatment of
Merlin graphite in nitrogen at 1100 ◦C is 14CO.  This release is best
fitted by as second order reaction, as can be seen in Fig. 18. This
is clear if one assumes that 14CO have to be formed from 14C and
oxygen before it can be released. The formation reaction is given in

Eq. (1). This is clearly a bimolecular reaction and, for this reason, a
second order reaction.

14C + O → 14CO (1)

520251

e [h]

itrogen at 110 0 °C

14CO2

14CO

Total

 nitrogen at 1100 ◦C (mass loss after 20.5 h: 0.45%).
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Fig. 13. Autoradiography of Saint-Lau

.2.2. Magnox Oldbury 2 graphite
The release of HTO and HT from Magnox Oldbury 2 graphite

n nitrogen at 1100 ◦C plotted as diffusion process is shown in
igs. 19 and 20, respectively. In both cases, the fit of the data points
s a straight line with a correlation factor of 0.9978 and 0.9954,
espectively. These release processes are very clearly diffusion pro-

esses.

The release of 14CO2 and 14CO from Magnox Oldbury 2 graphite
n nitrogen at 1100 ◦C shows also a diffusion character, as can be
een in Figs. 21 and 22. This implies that both species must be
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Fig. 14. Release of HTO from Merlin graphite in nit
2 graphite at different energy ranges.

already preformed in the graphite bulk. It is possible that the chemi-
cal bonds are already formed. This can be imagined as 14C O surface
complexes like shown in Fig. 23. The formation of volatile com-
pounds such as 14CO2 and 14CO is then easily possible by supplying
thermal energy and breaking the 12C 14C bonds.
3.3. Detection and removal of surface contaminations

A special case is when the radionuclide contamination is on the
surface of the graphite sample. In Fig. 24 the release of 14C from

y = 0.0072x
R² = 0.99 33

2.5 3.0 3.5 4.0 4.5 5.0
/2 [h1/2]

Stra ight li ne:
= Real diffusion
= Diffusion of adsorbed (p hysisorbed) HTO

rogen at 1100 ◦C plotted as diffusion process.
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agnox Oldbury 2 graphite in N2 with 0.1% O2 at 900 ◦C is shown.
he release isotherms for 14CO and 14CO2 are quite linear. This
mplies that the release process is not mainly a diffusion process
ut a simple oxidation of 14C with the added amount of O2 in the
reatment gas. The released amount of 14C compared to the mass
oss of the graphite sample is also significant. 57.7% of 14C could

e released with a mass loss of only 0.70%. This high amount of
eleased 14C was never reached in all our other experiments.

Therefore, we analysed the surface of the thermally treated
raphite sample by autoradiography and we found significant
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Fig. 16. Release of HT from Merlin graphite in nitro
ogen at 1100 C plotted as diffusion process.

shadows which are typical for surface contaminations (see Fig. 25).
This is also in accordance with the information by the supplier of
the graphite sample: The surface of the used graphite sample is a
real surface which was  in contact with coolant gas of the Oldbury 2
reactor during operation. The coolant gas was CO2. It is possible that
the coolant gas contained 14C compounds or 14C-containing parti-

cles and deposited them on the surfaces of the reactor internals. In
this way, a thin film with a high concentration of 14C was  formed on
the surface of the graphite sample. Such a surface contamination
can be easily removed by slight oxidation of the graphite sample.

0 12 14 16 18 20

e [h]

gen at 1100 ◦C plotted as first order reaction.
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The spherical fuel elements of a high-temperature pebble-bed
eactor are another example for surface contamination. It is well-
nown that the surface of the pebbles is enriched with 14C, like it
s shown in Fig. 26 (Schmidt, 1979). Also this contamination can be
emoved by the described oxidation method.
.4. Steam reforming

It has been shown that 14C and partly 3H is little removable from
rradiated graphite by thermal treatment in inert gases. This relates
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Fig. 18. Release of 14CO from Merlin graphite in nitro
en at 1100 ◦C plotted as second order reaction.

particularly for that part of 14C and 3H which is stably incorporated
in the graphite lattice. This stable incorporation can occur on reg-
ular lattice sites in the case of 14C and between the lattice planes
in the case of 3H. If 14C is deposited only on the outer surfaces of a
graphite sample, or if it is incorporated in near-surface layers, then
it can be removed by simple oxidation with oxygen. But oxygen is

too aggressive in order to reach 14C deposits in the pore system
of graphite. At temperatures at which oxygen reacts with graphite,
oxygen oxidises the graphite sample only on the outer surfaces. The
result is a high mass loss at low 14C release.

y = 0.001x + 1
R² = 0. 9834

10 12 14 16 18 20

e [h]

gen at 1100 ◦C plotted as second order reaction.
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This problem can be solved by application of mild oxidising
gents like steam. Steam reacts with graphite to form carbon
onoxide and hydrogen at temperatures higher than 800 ◦C (see

q. (2)). Carbon monoxide reacts with steam to form carbon diox-
de and hydrogen (see Eq. (3)). These reactions are called “steam
eforming”.
 + H2O → CO + H2 (2)

O + H2O → CO2 + H2 (3)
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Fig. 20. Release of HT from Magnox Oldbury 2 graphite 
 in nitrogen at 1100 C plotted as diffusion process.

In Fig. 27 the release of 14C from Merlin graphite in argon with
1.6 kPa steam at 1000 ◦C is shown. The release isotherms indicate
the beginning reactions. Therefore, the same sample was  retreated
under the same experimental conditions (see Fig. 28). The total
release of 14C amounted to 29.0% at a total mass loss of 3.64% and
at an isothermal treatment time of 10 h in all. This corresponds to

an enrichment factor of 14C to total carbon in the gas phase of 8.0.
This implies that the concentration of 14C in the gas phase, consid-
ered over the entire process, is 8.0 times higher than the average
concentration in the graphite sample. Therefore, it can be assumed

y = 0.0016x
R² = 0.9954

2.0 2.5 3.0 3.5
/2 [h1/2]

in nitrogen at 1100 ◦C plotted as diffusion process.
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hat the 14C release is really selective and not only caused by gasi-
cation of the graphite matrix, which would lead to an enrichment

actor of 1.0 (= no enrichment).
However, the release of 14C is also coupled with a release

f 3H (see Figs. 29 and 30). In both experiments, a total of
2.9% of 3H were released, in which the major part is triti-
ted water (HTO). This implies that 3H is mainly released by
sotope exchange with steam. For a potential industrial pro-
ess this implicates that a large amount of tritiated water is
ormed as secondary waste. Therefore, it is favourable to precede

he treatment of irradiated graphite with steam with a thermal
reatment in inert gases, provided that 3H can be released by
yrolysis and diffusion. For Merlin graphite, this is confirmed (see
igs. 3, 14 and 15).

O
H

Fig. 23. Model of a graphite surface with 3H and 14C as functional groups (surface
complexes).
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Fig. 24. Release of 14C from Magnox Oldbury 2 graphite in N2 with 0.1% O2 at 900 ◦C (mass loss after 5 h: 0.70%).

Fig. 25. Spatial distribution of beta-emitters on the surface of the Magnox Oldbury 2 sample from Fig. 24 after thermal treatment determined by digital autoradiography
(specimen diameter: 15 mm,  thickness: 5 mm,  mass: 0.7684 g).

Fig. 26. 14C profile of an HTR fuel pebble (Schmidt, 1979).
Table 1
Isotopic inventory of Merlin and Magnox Oldbury 2 graphite (date: 15th June 2012).

Nuclide Specific activity [Bq/g]

Merlin Magnox Oldbury 2

3H 1.00E + 03 4.49E + 04
14C 3.24E + 02 4.41E + 04
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Fig. 27. Release of 14C from Merlin graphite in argon with 1.6 kPa steam at 1000 ◦C (mass loss after 4 h of isothermal steam reforming: 1.45%).
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Fig. 28. Secondary release of 14C from the same Merlin graphite sample and under the same experimental conditions as indicated in Fig. 27 (mass loss after 6 h of isothermal
steam  reforming: 2.19%).
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Fig. 29. Release of 3H from Merlin graphite in argon with 1.6 kPa steam at 1000 ◦C (mass loss after 4 h of isothermal steam reforming: 1.45%).
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Fig. 30. Secondary release of 3H from the same Merlin graphite sample and under the same experimental conditions as indicated in Fig. 29 (mass loss after 6 h of isothermal
steam  reforming: 2.19%).
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Fig. 31. A model of changes from mesophase

On the other hand, if the release of 3H is a temperature-
epending isotope exchange process with steam, the storage of

rradiated graphite should be done under dry conditions. Other-
ise, an uncontrolled release of tritium could happen, especially in
umid air. Corresponding experiments were carried out. This will
e the object of a further paper.

. Conclusions

Considering neutron-irradiated nuclear graphite as waste, the
pecific radioactivity of graphite is important to decide what the
est waste management strategy for it is. The specific radioactivity
f Merlin graphite is relatively low, whereas the specific radioactiv-
ty of Magnox Oldbury 2 graphite is one or two orders of magnitude
igher than of Merlin graphite (see Table 1). Therefore, a treatment
rocess for Magnox graphite is more favourable than for Merlin
raphite. But the removability of tritium and 14C from Magnox
raphite is low if there is no surface contamination. This impli-
ates that tritium and 14C is strongly bound in Magnox graphite.
or this reason, it can be concluded that Magnox graphite is a good
retainer” for tritium and 14C. This facilitates the waste manage-
ent strategy for Magnox graphite because the risk that Magnox

raphite loses its tritium and 14C content in an uncontrolled way is
elatively low.

The same can be stated in principle also for UNGG Saint-Laurent
2 graphite. Also the investigated UNGG samples showed only a

ow 14C release on thermal treatment in inert gas. But the remov-
bility of tritium, especially in form of HTO, is significantly higher.
herefore, it may  be advantageous to remove this HTO by thermal
reatment since this could be released in an uncontrolled way, for
xample by exchanging with humidity.

However, thermal treatment of irradiated graphite may  be a
ood method for preparation of final disposal even if the remov-
bility of 14C is only moderately or low. It is well-known from the

anufacturing process of graphite that the graphite structure is

ormed by high-temperature treatment. It is also well-known that
hermal treatment of irradiated graphite leads to an annealing pro-
ess of structural defects. Therefore, it can be concluded that loosely
aphite during heat treatment (Marsh, 1991).

bound 14C on the surfaces of the graphite crystallites or between
the graphite lattice planes will be incorporated more stably in
the graphite lattice by thermal treatment. This can be imagined
when considering Fig. 31: Carbon atoms in different structural units
form step by step the well-known C6 rings of the graphite lattice
planes which then form the stable graphite crystals. In this way
the 14C atoms are totally equal to the other 12,13C atoms which nor-
mally form natural graphite. 14C is thus immobilised and cannot be
released without destruction of the graphite matrix.

Another issue is the possibility of at least partial reduction of
the radionuclide inventory of irradiated graphite by appropriate
methods, such as thermal treatment with steam. Such treatment
can make sense if thereby, for example, the final disposal of irradi-
ated graphite is simplified. To answer this question, a cost-benefit
analysis is necessary. In doing so, the various options that have been
presented in this paper have to be analysed for their economic and
social profits.
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